When earthquakes occur in the mountains, numerous rescuing resources need to be distributed among affected areas. The distribution mission is a long-term response process, which requires consideration of factors such as weather conditions, aftershock damage, and complex mountainous topography. These factors lead to uncertainties, such as transportation time and supply and demand information as well as several disaster sites. This study aims to develop a new scheduling method based on uncertainties of mountain earthquakes and several disaster sites in a long-term response process. The proposed methodology focuses on two problems, namely, (1) how to coordinate supplies between different phases of the response process and (2) how to deal with uncertainties. A follow-up sharing mechanism is put forward to ensure that resources from previous phases are partly shared with the ensuing phases as needed. A scheduling methodology is then established with the uncertainties in demand and traffic conditions. Results from numerous studies show that a schedule with this mechanism is effective, and the resource distribution principle significantly affects the resource allocation plan.
I. INTRODUCTION
Earthquakes are difficult to forecast and prevent. They cause serious injuries and destructions that make many people homeless. Disaster sites usually require substantial emergency resources after earthquakes for support. Post-event response resource distribution plays a critical role in improving the efficiency of seismic emergency and succor (Ramvigneshwaran et al. [28] 2016; Yu et al. [16] . Post-event response resource distribution primarily aims to satisfy the demands for food, water, medicine, and other life-saving materials. To improve post-event response resource distribution, governments have to establish additional dispatching The associate editor coordinating the review of this manuscript and approving it for publication was Lin Wang. centers (DC) close to disaster sites to distribute related emergency resources.
When earthquakes occur in the mountains, numerous rescuing resources need to be distributed among affected areas. The distribution mission is a long-term response process, which requires consideration of factors such as weather conditions, aftershock damage, and complex mountainous topography (Bai et al. [23] ; Cambaz et al. [18] ). These factors also lead to uncertainties, such as transportation time and supply and demand information, and the demand resource cannot be delivered precisely (Wang and Guldmann [3] ; Ye et al. [32] ; Zanini et al. [17] ). Moreover, mountain earthquakes typically cause several disaster sites, which require government resources. Distribution decision can be difficult considering uncertainties and the number of disaster sites. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ To satisfy the demand for emergency resources when earthquakes occur in the mountains, a new scheduling method of post-event response resource distribution must be developed based on several disaster sites and uncertainties under the long-term response process. The distribution of these resources is also decided, which has become an important issue recently. Related studies such as Carmen and Mark (2010) , Ye et al. [33] , Liu et al. [21] , Zhan et al. [24] , Sheu [13] , He et al. [31] , Manopiniwes and Irohara [29] , and Ransikarbum and Mason [15] overlook the following issues:
1. They only focus on a single phase of disaster response and never consider the multiphase planning horizon of the long-term response process.
2. They only focus on one disaster site. Certain research considers several disaster sites but overlooked uncertainties.
We have discovered that one other research has begun considering several disaster sites and uncertainties. The characteristics of uncertainty are usually from general disasters, and those from mountain earthquakes are never explored. Uncertainties of mountain earthquakes are from the long-term response process.
This study aims to develop a new scheduling method based on uncertainties of mountain earthquakes and several disaster sites in the long-term response process. Multi-decision phases are an important basis for developing this new method. Weber [7] defined multi-decision phases as a means to develop any decision step by step. Through multi-decision phases, decisions can be made with new information from every phase. Therefore, we can make optimal decisions on resource distribution. However, revised decisions should consider the demand and supply of the long-term planning horizon to ensure the robustness of the developed decisions on resource distribution (Parisi and Augenti; Mohamadi [1] . If excessive resources are distributed at the present phase, then the following phases would be confronted with extreme shortage of resources (Ye et al. [34] ). Therefore, we have to coordinate supplies between the different phases of the response process. We refer to this as the follow-up sharing mechanism (FSM), which allows the following phases to share part of the resources of former phases.
Considering the uncertainties of transportation time, demand information, and several disaster areas, we assume that the population transfer rate (PTR) and transportation time affected level (TTAL) represent the demand information and traffic conditions, respectively. First, the resource allocation effectiveness losses (RAEL) and emergency logistics time loss (ELTL) must be defined to represent the effectiveness and efficiency of the distribution plan. A model is then proposed for relief resource allocation planning of the present phase, considering the traffic conditions and the supply-anddemand situation of the next phases of the long-term planning horizon. Subsequently, an algorithm is developed, and a simulation study on the Wenchuan earthquake is conducted to verify the accuracy of the proposed model and algorithm. Finally, we discuss and analyze computable results and then conclude the study with insights for decision-makers.
II. LITERATURE REVIEW
This study aims to develop a new scheduling method for postevent response resource distribution, which governments can use to avoid the effects of uncertainties and further distribute precise emergency resources in the incidence of mountain earthquakes.
This study falls under the research on emergency resource distribution, which has recently become an important matter because it involves natural disasters. Researchers positively explore emergency resource distribution to increase the efficiency of post-event response and decrease casualty rate. Emergency management research deals with resource distribution issues (Caro et al. [6] ). Consequently, emergency resource distribution becomes an independent matter and is extensively discussed.
Related studies on emergency resource distribution are usually divided into two types. The first type develops an information system to improve emergency resource distribution. Feng et al. [10] developed an emergency resource distribution system combined with geographical information system. However, system efficiency usually depends on effective algorithm. The second type develops an emergency resource distribution method based on the conditions of disaster sites. An increasing number of researchers focus on this issue, designing assumptions based on the conditions of disaster sites and further developing distribution methods through algorithms.
The extant literature shows that almost all existing studies focus on developing distribution methods through algorithms. Many researchers frequently adopt the multi-objective decision analysis to develop distribution methods of emergency resources. Zhang et al. [26] considered demand and supply uncertainties when flat land disasters occur and used the multiple objective decision analysis to develop a method for emergency resource distribution. Considering the uncertainty of flood occurrence, Hu et al. [4] developed a bi-objective robust model to establish a method for emergency resource allocation. Haghi et al. [19] developed distribution methods for pre/post disaster events based on uncertainty in demand and resource, but they only focused on flat land disasters. Cao et al. [2] developed an emergency resource allocation method through the latest multi-objective integer mathematical model, but they only explored usual disasters.
Integer programming is another popular approach to develop an emergency resource distribution. Chu and Zhong [30] used the integer nonlinear programming model to explore medical allocations when normal disasters occur. Yang et al. [9] used characteristics such as number, location, and time of warehouses to develop a distribution network by a mixed-integer programming. However, their research case only used normal disasters. In addition, several research began adopting the mixed algorithm to develop an emergency resource distribution. For example, Sheu [12] considered uncertainties and multiple areas to further develop a dynamic relief-demand management method through fuzzy clustering and multi-criteria decision-making. Ye et al. [34] considered several disaster locations and adopted the mining rule and linear programming method to develop a distribution method. Zhou et al. [35] used a novel greedysearch-based, multi-objective genetic algorithm to develop a new method for improving emergency resource allocation. developed a multistage assignment optimization for emergency rescue teams in the disaster chain through non-dominated sorting genetic algorithm (NAGA-II) and suggested ways to establish a multistage distribution decision of emergency resource. However, these studies generally focus on typical disasters, such as earthquake, flood, and typhoon, and do not investigate mountain earthquakes.
Although existing research has explored post-disaster emergency resource distribution, the results remain difficult to apply on the emergency resource distribution in mountain earthquakes. These studies consider uncertainties, but those of mountain earthquakes come from the longterm response process. Characteristics of uncertainty differ between mountain earthquakes and normal disasters. Previous findings cannot provide an effective emergency resource distribution method based on earthquake uncertainties. Zhou et al. [35] and Zhang et al. [26] provided a multistage decision approach, which may solve the uncertainty affecting mountain earthquakes from the long-term response process. Mohamadi et al. [1] developed a fuzzy scenario-based optimization model concerning the location of shelters, relief distribution centers, and telecommunication towers. However, their analysis variables are based on normal disasters, and they overlooked the sharing mechanism of different phases. Applying such variables to decide on the emergency resource distribution in mountain earthquakes is difficult. Besides, existing research usually used genetic algorithms, particle swarm optimization, and other intelligent algorithms to solve the model. Hence, most of them took a long time to obtain a satisfactory solution.
The current research problems hold significant value. They focus on the disaster situation of mountain earthquakes and further develop a new method for emergency resource distribution based on the uncertainties of mountain earthquake. The results offer theoretical implications and also extend existing studies.
III. LOSS AND FSM DEFINITIONS A. BACKGROUND AND NOTATION
Earthquakes in mountainous areas have large-scale effects, which require multiple DCs. In Figure 1 , let m be the number of affected areas, n DC, and l phases in the planning horizon. Emergency planners must plan to distribute relief resources from DC to the affected areas. They must also consider the entire planning horizon, demand and travel time uncertainties, supply information, and FSM. Table 1 shows the notations used in this model. In general, the vectors are the assumed columns with transposes to indicate row vectors. The superscripts indicate a stage, and the subscripts indicate the components followed by the realization index.
B. ASSUMPTIONS AND LOSS DEFINITION
Demands in affected areas and the transportation time from DCs are vital to post-event response resource scheduling. TTAL and PTR are used to represent demand information and the traffic condition, respectively.
Assumption 1: PTR ζ (percentage of people being evacuated from affected areas to temporary shelters) represents demand information.
We suppose that the demand is a function of the PTR, and the demand in the affected area j at phase p can be defined as
where λ is the consuming coefficient of resources; Q j is the amount of the affected population; and ζ p j is the PTR in the affected area j at phase p.
The demand of phase p is given as
Assumption 2: TTAL τ (percentage of transportation network links affected by the disaster) represents traffic condition.
We suppose that the transportation time is a function of TTAL, and the transportation time under an emergency condition at the present phase t ij can be defined as
where α is the damage coefficient of the affected level. The mismatch between supply and demand decreases the effectiveness of relief resource allocation plans. Emergency planners aim to maximize the total effectiveness of relief resources when they make post-event allocation plan. RAELs are used to measure the mismatch between the supply and the demand.
Definition 1: RAELs are due to the mismatch between the amount of resources allocated and being demanded in the affected areas.
Let the supply and demand be d and s, respectively. RAEL LU is defined as follows:
Planners intend to transport resources to the affected areas at the soonest possible time. Hence, they must consider the efficiency of the distribution plan. ELTL is proposed in this study to demonstrate such efficiency.
Definition 2: ELTL is the loss of transportation time due to logistics processes under emergency conditions. Let t ij be the travel time from dispatching center i to affected area j under emergency conditions and s ij be the amount of resources distributed from dispatching center i to affected area j. The ELTL to transport s ij is shown as
Definition 3: the definition of FSM Let p 1 , p 2 , k ∈ P, and p 1 ≤ k ≤ p 2 ;D k andN k be the expectations for supply and demand in phase k;D and N represent the expectation for the total demand and supply from phases (6) is valid, and the distribution problem in coordinating the supply and demand from phase p 1 to p 2 is defined as an FSM problem.
IV. THREE STEPS DISTRIBUTION METHOD WITH UNCERTAINTIES AND FSM
We propose a method that can effectively generate a distribution plan by dividing the decision-making process into three steps.
Step 1: Supplies of the present phase are allocated by considering the demand uncertainty and supply information, where the following phases can share part of the resources of former phases.
Step 2: Resources apportioned at phase 1 are allocated to the affected areas, where the precise supply amount of the present phase can be obtained.
Step 3: A specific logistics plan is prepared considering the travel time.
We develop three models in accordance with these steps.
A. MODEL 1 AND SOLUTION METHOD
Model 1: This model aims to coordinate the supply and demand between the first and follow-up phases as well as obtain the precise amount of resources allocated in the first phase to minimize the total RAEL of all phases. Objective:
which is subject to
Constraint (8) is the limitation of available resources in each phase. Eq. (9) ensures that all resources in the planning horizon are allocated to each phase. Eqs. (10) and (11) are the calculating functions of the remaining resources. Model 1 is a single-objective stochastic model that can be solved using numerous methods. However, the analytical solution to Model 1 can only be determined by considering the FSM, where the FSM problem should first be defined as follows:
Definition 4: The FSM model solves an FSM problem. Two corollaries can be deduced according to Definitions 3 and 4.
Corollary 1: Let Model 1 have l (l ∈ Z + ) phases and p ∈ { p| 0 < p ≤ l, p ∈ Z + }, and then the following equations can be defined.
where E[D(ζ k )] = λ · Q · 1 0 x · f k (x)dx, and f k (x) is the probability density function of the PTR. The sub-model that includes the first h phase is an FSM model. Corollary 1 illuminates the existence of the FSM mode, which can be proven using Definitions 3 and 4.¯ p is the average expectation for resource shortage in the first p phases. When¯ p > 0, supplies in the first p phases cannot meet the demand. When¯ p = 0, supplies in the first p phases meet the demand. Finally, when¯ p < 0, supplies in the first p phases are excessive. Let¯ p and¯ h = max{¯ 1 ,¯ 2 , . . . ,¯ l } be the judgment vector of the FSM sub-model. Corollary 2 is deduced to illuminate that Model 1 can be divided into several FSM sub-models regardless of the number of phases.
Corollary 2: Let Model 1 have l phases. Then, ∀l ∈ Z + .
Proof: Corollary 2 can be verified through a mathematical induction (Ye et al., 2017) .
According to the inconstant equation of Gauss, we can deduce the following conclusion.
Conclusion 1: If Model 1 has l phases and is an FSM model, then we can obtain ∀p ∈ { p| 1 ≤ p ≤ l}
where E[D(ζ p )] = λ·Q· 1 0 x · f p (x)dx, and f p (x) is the probability density function of the PTR of phase p. The solution of Model 1 is given by (14) , which satisfies Constraints (8), (9), (10), and (11).
B. MODEL 2 AND SOLUTION METHOD
After developing Model 1, we obtain the amount of resources allocated at phase 1, and these resources should then be apportioned to each affected area.
Model 2: This model aims to minimize the expectation of the total RAEL of all affected areas in the present phase and then to obtain the amount of resources allocated to each affected area.
Objective:
Eq. (16) ensures that the amount of resources allocated to the affected areas is equal to the amount of resources allocated to the present phase.
According to the equation of Gauss, Conclusion 2 is proposed to acquire the amount of resources allocated to each affected area considering objective 2.
Conclusion 2: If the total amount of resources allocated at the present phase is s 1 , then the demand in the affected area j is d(ζ 1 j ). The optimal solution that can be used to minimize Eq. (7) is
is the probability density function of PTR of the affected area j at phase 1.
A specific logistics plan should then be developed to distribute these resources from each dispatching center.
C. MODEL 3 AND SOLUTION METHOD
Upon establishing Model 2, we obtain the amount of resources allocated to each affected area. A specific distribution plan is then established. The solution obtained from Conclusion 2 can be converted into an integer by performing the following steps:
Step 1: Let s j ( j ∈ J) be the resource allocation amount in the affected area j calculated by (19) , and let a = j ∈J (s j − s j ), where a < n.
Step 2: Sort s j ( j ∈ J) from the largest to the smallest. Suppose that s j 1 , .., s j a are the resource allocation amounts of the first a affected areas, and then let J = {j j 1 , . . . , j a }.
Step 3: ∀j ∈ J , let s * j = s j + 1.
Step 4: ∀j ∈ J and j / ∈ J , let s * j = s j . Thus, Model 3 can be proposed to achieve a specific distribution plan.
Model 3: This model aims to decide the amount of resources distributed to each affected area from the dispatching center by minimizing the total ELTL. A stochastic integer programming model is proposed to establish a specific transportation plan. The model is described as follows:
Objective: (18) which is subject to
Eq. (19) guarantees that the amount of resources distributed to affected area j is equal to the amount of resources allocated to it. Constraint (20) illustrates the limited supplies in each dispatching center, whereas Constraint (21) indicates the limitation of transportation capacity in each distribution center. Finally, Constraint (22) represents the domain of parameters and variables, where g ij (x) is the probability density function of TTAL from dispatching center i to affected area j at phase 1. Model 3 is a single objective, linear, and stochastic programming that can be solved using the solution engine Lingo. ). In this simulation study, we assume that these 10 were the affected areas, and the four surrounding cities, namely, Chengdu (CD), Deyang (DY), Mianyang (MY), and Guangyuan (GY) were the DC, as shown in Figure 2 .
A. COMPUTATIONAL SETUP
Based on the official attrition numbers announced by the Sichuan government, the proposed methodology was applied to the post-event response resource distribution from May 13 to 18, 2008. Transportation distances and time under normal conditions were measured using Google Earth, and Table 2 presents the results. The number of trucks used in the delivery of resources was counted as the total number of trips that can be made during the present phase. The unit weight of food is 1 ton. The load weight of a truck is 10 tons, and the amount of food consumed by a person in one phase is 0.5 kg. Given the response procedure, Table 3 shows the information of supplies and trucks in the four DC.
Unit: km/min
B. PROBABILISTIC DISTRIBUTION OF PTR AND TTAL
Historical data on earthquakes that occurred in China were used to determine the probabilistic distribution of PTR and TTAL. Table 4 shows the PTR and TTAL data obtained from the official attrition numbers released by China's National Committee on Disaster Reduction. Based on Bolm's proportion estimation formula and setting uniform as test distribution, the data provided in Table 4 are used to analyze for P-P plot with results showing positive. Subsequently, an analysis of the significance through one-sample Kolmogorov-Smirnov test is performed. The test results show the value of Kolmogorov-Smirnov Z as 0.844 (A_PTR) and 0.872 (A_TTAL), and the values of Asymp. Sig. (2-tailed) are 0.475 (A_PTR) and 0.433 (A_TTAL). Therefore, the distributions of ζ p , ζ 1 j , and τ ij were determined as follows:
Matlab was used to estimate the results from the data observed in the previous phases (before May 13) of the earthquake response, as shown in Table 5 . Certain data on the response information were observed to determine the parameters of (23), (24) , and (25), as indicated in Table 5 . The PTR in one phase was assumed to be 0.05 to obtain the PTR in the following phases (Table 6) .
Parameter values in (23), (24) , and (25) were estimated from the data indicated in Tables 5 and 6 . The data in Table 7 display the values of parameters a p , b p , a 1 j , b 1 j , a ij , and b ij .
VI. COMPUTATIONAL RESULTS, ANALYSIS, AND DISCUSSION
The model developed in Section IV is solved using the proposed solution method via Matlab 2016a and Lingo 14, which only took 8 minutes to acquire the solution. Table 8 shows the expectation of demand in each phase D p and the value of the FSM model judgment factor p and that 5 is the maximum among all values. Thus, the resource allocation model in the first five phases is an FSM model. Accordingly, the amount of allocated item S p and the demand fill rate δ p of each phase can be determined. The RAEL of the distribution plan of the proposed methodology with FSM (i.e., RAEL1 in Table 9 ) was calculated, as well as the RAEL without FSM (i.e., RAEL2 in Table 8 ) to distribute all resources to the affected areas in each phase. Figure 3 shows the difference between supply and RAEL with and without FSM. Demands from phases 1 to 5 are unsatisfied. Although supplies in phases 1 and 2 are less than the demands, both maintain certain resources for phases 3, 4, and 5, keeping the RAEL of all phases at the lowest level. Table 8 assigns 1,221.2 tons of resource to phase 6, whereas the supply in phase 6 is 1,304 tons. We assigned 4,983.2 tons in six phases, which are less than the total supply over the planning horizon equivalent to 5,066 tons (Table 3 ).
A. EXPECTED DEMAND, SUPPLY, AND RAEL IN EACH PHASE

B. EXPECTED DEMAND, SUPPLY, AND RAEL IN EACH AFFECTED AREA
The amount of resources allocated to each affected area in phase 1 was obtained according to Conclusion 2 and S 1 , as shown in Table 9 . The comparison of the expected demand, supply, and demand fill rate shows that the affected areas with low demand also have a low demand fill rate. The proposed methodology aims to minimize the total RAEL to keep them identical in each affected area, and the amount of unfilled demand becomes the same. Therefore, affected areas with a low demand have a low demand fill rate. The RAEL in each affected area varies because results obtained from Conclusion 2 are real numbers converted into integers following the steps specified in Subsection IV.
C. SPECIFIC DISTRIBUTION PLAN OF PHASE 1
After obtaining the amount of resources allocated to each affected area s 1 j , Model 3 was used to determine the amount of resources distributed from each dispatching center. We obtained the optimal plan of the distribution using Lingo, as shown in Table 10 . Figure 4 shows the comparison of the amount of supplies, distributed and undistributed resources, and the unit expected ELTL (the average expected ELTL of distributing one-unit resources) at each dispatching center. Figure 4 illustrates that DC with a low-unit expected ELTL distribute a large amount of resources. Therefore, DC in Deyang and Mianyang, which had the lowest-unit expected ELTL, distributed all resources at their disposal, and the DC in Chengdu and Guangyuan with a high-unit expected ELTL only distributed parts of the resources they had.
D. SPECIFIC DISTRIBUTION PLAN UNDER EQUITY PRINCIPLE
In this methodology, the amount of resources allocated to each affected area is decided by minimizing the total RAEL. This phenomenon may cause affected areas with a low demand to have low demand fill rate. However, emergency planners must consider the equity principle (the concept that all men should have the same chances to be saved) when they make the allocation plan. A demand fill rate is defined to describe the equity principle of resource allocation for postevent response. Definition 5: The amount of supply and demand in all affected areas are s and d, respectively. Hence, the demand fill rate t is defined as
Definition 6: Let u j be the demand fill rate of the affected area j. Then, the equity principle of the resource allocation is defined as The amount of allocated resources in affected areas can be determined as follows: Conclusion 3: If the total amount of resources allocated to the present phase is s 1 , then the demand in the affected area j is d(ζ 1 j ) and the optimal solution for minimizing Eq. (7) is
According to Conclusion 3, we can obtain another specific distribution plan in Table 11 . In Figure 5 and Tables 10 and 11 , the amount of resources allocated to each affected area varies according to the different allocation principles (Conclusions 2 and 3) . The same condition was applied to ELTL in each affected area, and the distribution plan determined from Conclusion 3 has a higher total ELTL than the distribution plan determined from Conclusion 2. However, the demand fill rate in each affected area does not change significantly with the distribution plan determined from Conclusion 3. Moreover, the demand fill rate in each affected area varies because the results obtained from Conclusion 3 are real numbers converted into integers by implementing the steps specified in Section IV.
VII. CONCLUSION
Frequent mountain earthquakes have caused serious injuries and deaths in recent years. Seismic emergency and succor usually play a critical role in decreasing casualties. Decision-making regarding relief resource distribution depends on the efficiency of seismic emergency and succor. The sharing mechanism during the long-term response process and demand and transportation uncertainties are typically the main factors in the decision-making process for relief resource distribution. Effective decision-making based on these two factors has become an important research problem.
This study considers the characteristics of a long-term response process and demand and transportation uncertainties. An FSM-based model under uncertain circumstance is established, which allows follow-up phases to share part of the resources of former phases. Three sub-models are developed to solve the three objectives of the model. The first sub-model is used to coordinate the supply and demand between the first and follow-up phases, as well as to obtain the precise amount of resources allocated in the first phase to minimize the total RAEL of all phases. The second sub-model continues the previous model. This sub-model further minimizes the expectation of the total RAEL of all affected areas in the present phase and then obtains the amount of resources allocated to each affected area. The third model decides the amount of resources distributed to each affected area from DC by minimizing the total ELTL. A stochastic integer programming model is proposed to establish a specific transportation plan.
This study contributes to the decision-making on relief resource distribution in response to mountain earthquakes. Decision making in emergency rescue and post-event response resource distribution for large-scale disasters has been studied for a long time. However, existing studies never focus on mountainous earthquakes because they are deadly. Governments must engage in effective decision-making to distribute relief resources, aiming to increase the efficiency of seismic emergency and succor and relief resource distribution. However, topographic factors lead to a long-term response process, and demand and transportation uncertainties exist at the scene of disasters. Therefore, these two factors can help governments make effective decisions in relief resource distribution, which has become an important problem. This study provides a new scheduling method and develops an algorithm based on the above simulation results from the data on the Wenchuan earthquake. Our research results can be applied to decision making for relief resource distribution in response to mountain earthquakes with the goal of increasing the efficiency of seismic emergency and succor.
However, the proposed method does not discuss the balance between equity and effectiveness as well as many other aspects. Future research should also consider such balance, the decision and window time, and risks, among other aspects. 
